Biomass is the largest renewable energy source in the world. Its importance grows gradually in the future energy market. Since most biomass sources are low in energy density and are widespread in space, small-scale biomass conversion system is therefore more competitive than a large stand-alone conversion plant. The current study proposes a small-scale solid biomass power system to explore the viability of direct coupling of an updraft fixed bed gasifier with a Stirling engine. The modified updraft fixed bed gasifier employs an embedded combustor inside the gasifier to fully combust the synthetic gas generated by the gasifier. The flue gas produced by the synthetic gas combustion inside the combustion tube is piped directly to the heater head of the Stirling engine. The engine will then extract and convert the heat contained in the flue gas into electricity automatically. Output depends on heat input. And, the heat input is proportional to the flow rate and temperature of the flue gas. The preliminary study of the proposed direct coupling of an updraft gasifier with a 25 kW Stirling engine demonstrates that full power output could be produced by the current system. It could be found from the current investigation that no auxiliary fuel is required to operate the current system smoothly. The proposed technology and units could be considered as a viable solid biomass power system.
Introduction
Annual production of biomass energy in the world is estimated at about 100 billion tons coal equivalent. This abundant biomass energy exceeds the annual world energy consumptions by a factor of 7 [1] . Biomass energy, from plants (chiefly from forests but not exclusively), is therefore by far the largest category of renewable energy application, particularly in developing countries, with both traditional (fuel wood) and modern (e.g., ethanol and cogeneration) utilizations. Moreover, new technologies can greatly increase the efficiency of biomass energy application, and many in the field of sustainable energy developments predict a huge growth of biomass energy to contribute a quarter of global energy supply by 2025 [2] .
Biomass is low in energy density and is widespread in space. Small scale biomass conversion system is therefore more competitive than a large stand-alone conversion plant since small-scale systems can be brought to the source of the biomass rather than incurring transportation costs to bring biomass to a large centrally located plant. In addition, small-scale biomass power system possesses benefits in terms of environmental impacts and distributed on-site heat and power supply. Based on the economics of scale benefit rather than a large biomass power system, the small-scale biomass power system needs to be simple in design, fully automated in operation, and flexible to treat various biomass sources to gain access to the market.
Stirling engine can be driven by many kinds of heat sources. And it is also called external combustion engine when the heat derived from fuel combustion is utilized. Being an external combustion device and less demanding in operation conditions, Stirling engine has been incorporated into biomass energy utilization research projects as a viable prime mover [3] [4] [5] . However, successful biomass Stirling engine projects are only limited to a few land-fill gas utilization demonstration projects conducted by STM Inc. [6] .
By reviewing previous solid biomass conversion to power projects [3] [4] [5] , Stirling engine has suffered low system efficiency with a penalty of high operation cost. Low system efficiency is mainly due to inefficient solid biomass gasification or incineration processes. Tars in the synthetic gas and unburned chars in the incineration flue gas prevent the integration of Stirling engine with solid biomass converters. Therefore, it is concluded that incineration can only be done in the stoker type boiler and steam turbine combination. Gasification of solid biomass can produce synthetic gas fuel with lower carbon content. It is widely adopted by various small-scale biomass power systems. The resulting synthetic gas, comprised primarily of carbon monoxide and hydrogen, is then cleaned before use in gas turbine or internal combustion engine connected to a power generator [7] . Waste heat from the turbine or engine can also be captured and directed to useful power generation applications.
Unfortunately, all gasification processes produce highly viscous and very acid tars. The produced tars are hard to transport and cause serious clogging and corrosion of the piping. Therefore, the synthetic gas is very difficult to be stored or utilized without removing tars. Complex de-tar system becomes a necessary component for any type of gasification system. Water spraying is the most common approach to remove the tar from the synthetic gas. Removal of tar by water spraying will inadvertently produce highly polluted water. And, this will lose more than 50% of energy contained in the synthetic gas most importantly. The resulted low calorific value synthetic gas needs supplemental fossil fuel to increase its heating value for a stable combustion in the Stirling engine.
The current study employs a modified updraft fixed bed gasifier, developed by the current author, to combust the synthetic gas produced by biomass gasification inside the reactor directly. The heat derived from the direct combustion of the synthetic gas is piped to the heater head of a Stirling engine to produce power at high efficiency. The schematic of the direct coupling of the updraft gasifier with a Stirling engine is shown in Figure 1 . This direct integration of the gasifier and Stirling engine is possible only if the gasifier could steadily produce synthetic gas high in temperature and low in particular matters.
System Development

25 kW Stirling
Engine. Stirling Engine applied in this paper is manufactured by STMP Power Company. Due to increasing demand for clean, affordable distributed generation technologies, accompanied with the advantages offered by engines based on the Stirling cycle, Stirling engines have renewed commercial interest. Since STM Power Inc has successfully commercialized external combustion engines for more than a decade, and it has made technological breakthroughs allowing it to design and produce Stirling cycle engines that are versatile, reliable, efficient, and competitively priced. A 25 kW STM Stirling engine is adopted in the current study. The STM Stirling engine is a heat engine in which a gaseous working medium, in this case hydrogen, is sealed within the machine. A portion of the engine is maintained at a constant high temperature by burning fuel in the combustor or from an external heat stream. In contrast, the other portion is maintained at an ambient constant temperature. The working gas is transferred back and forth between the hot and cold portions of the machine by the movement of the engine's pistons. Expansion at the hot end pushes on the top of each of four pistons to produce power. And then, each piston is compressed by the cold gas. The reciprocating motion of the pistons is converted to rotary Advances in Mechanical Engineering 3 motion via a swash plate driver, then, the power is produced by the generator. A regenerator is used between the hot and cold portions of the engine to increase efficiency. The STM engine is capable of utilizing any heat source, provided that it contains sufficient energy at a high enough temperature and at a sufficient flow rate. This heat can be provided either from a heat source external to the STM engine or be produced by the combustion of a wide variety of fuels. In the current study, the synthetic gas gasified from solid biomass will be directly burned inside the gasifier to produce the sufficient heat flow for driving the STM engine.
Updraft Fixed Bed Gasifier with Embedded Combustor for
Biomass Gasification and Combustion. This newly designed updraft fixed bed gasifier [8] is utilized to combust the synthetic gas inside the reactor for preventing the whole detar process completely in this study. The schematic diagram of the modified fixed bed gasifier used in the current study is shown in Figure 1 . Biomass feedstock is fed at the top of the cylindrical reactor, and a grate at the bottom of the reactor supports the reacting bed. Gasification air is introduced racially through numerous small holes on a horizontal ring that is located on top of the grate along the gasifier's inside wall. The synthetic gas produced is forced to squeeze in an embedded tube through many small openings on the lower half portion of the tube. The embedded tube inside the updraft gasifier serves two purposes, that is, a conduit of the synthetic gas to exit the reactor and a synthetic gas combustor by introducing secondary combustion air to fully oxidize the synthetic gas and release clean and hot flue gas for heat and power application.
The biomass feedstock moves in counter current to the gas flow, and passes through the drying zone, the pyrolysis zone, the reduction zone, and the combustion zone. The biomass is dried in the drying zone. The biomass is decomposed in volatile gases and solid char in the pyrolysis zone.
Pyrolysis and drying are mainly delivered by the upward flowing synthetic gas and partly by radiation from the combustion zone. Many reactions occur involving char, carbon dioxide, and water vapor in the reduction zone. Also the carbon is converted, and carbon monoxide and hydrogen are produced as the main constituents of the synthetic gas. The remaining char is combusted providing the heat in the combustion zone.
The gasifier was fed by wood chips, and then, the synthetic gas was combusted in the embedded combustor after gasification processes in this study. The embedded combustor is a unique feature of this modified gasifier. The combustor provides a space to directly combust the synthetic gas inside the gasifier. While intensive combustion takes place in the tube, high temperature is resulted and maintained in the gasifier's pyrolysis zones as shown in Figure 1 . The creation of a high temperature pyrolysis zone increases the overall gasification intensity, and also will result in more stable gasification processes. The snapshot of the gasifier fed by wood chips and the combustion in the embedded combustor are shown in Figure 2 . Time history of the represented flame temperature or flue gas temperature of the tube is recorded in Figure 3 . It is indicated that this gasifier and embedded combustor combination is capable of producing intensive combustion with flue gas temperature as high as 1320
• C in Figure 3 . The flue gas compositions are measured by the Eurotron Green Line 8000 mobile flue gas analyzer. The flue gas composition measurement shows that the flue gas contains about 50∼100 ppm of CO, 9.5∼10% of CO 2 , and 25∼40 ppm of O 2 by volume. It is clear that the current design is capable of producing clean and very hot flue gas from the measurement results.
Integration of the Gasifier with the 25 kW Stirling Engine.
The modified updraft gasifier integrated with the STM Stirling engine is achieved by direct connection of the gasifier's embedded combustor to the inlet of the Stirling engine with flanges. The snapshot of the resulted gasifier-Stirling engine system is shown in Figure 4 . The high temperature flue gas resulted from the synthetic gas combustion inside the combustion tube flows to the inlet of the Stirling engine. Then, the heat in the flue gas is transferred to the heat exchanger upside the hot power cylinder subsequently. The hydrogen working gas inside the power cylinder is then heated and expanded to move the pistons inside the power cylinder. Via a displacer, the working gas is moved to the cold cylinder and heat in the hydrogen is extracted by external cooling media. Water is adopted as the required cooling media in the cold cylinder in the current study.
The crucial problems concerning the utilization of solid biomass gasifier in connection with a Stirling engine are concentrated on transferring the heat from the fuel combustion into the working gas hydrogen. The temperature of the flue gas must be high enough in order to obtain an acceptable specific power output and efficiency, and the heat exchanger must be designed so that problems with fouling and blockage are minimized. In other words the contents of the fouling components and particulate matters in the flue gas must be low. Nevertheless, the STM Stirling engine has relatively narrow passage in the heat exchangers shown in Figure 5 ; the small spacing between the individual tubes of the heat exchangers imposes severe constraint on the allowable particulate matter sizes and density in the flue gas. Complete blockage of the heat exchangers is likely if flue gas contains high level of particulate matters.
Power Grid Connection
Mode. STM Stirling engine uses an induction generator to produce power. Therefore, this system operates in utility grid-parallel connect mode only. In other words, this system will not generate electricity without being connected to the grid. The generator must be grid-connected via a three-phases Delta 480VAC 60 Hz or three-phases Delta 380VAC 50 Hz circuit. Utility grid characteristics are used for both voltage and frequency reference purposes. There is no on-board battery supply to provide generator field excitation for "stand-alone" power generation. Generator field excitation is provided by the utility grid. A 480/220VAC step down transformer is required to adapt the generator to the power grid in Taiwan.
The engine controller monitors the engine heater head temperature. When the heater head temperature reaches 350
• C, the engine starts by closing the grid contactor and engaging the generator. Once the engine heater tubes reach 400
• C, a clutch activates connecting the moving generator to the engine drive for the engine start. Once the generator is engaged, the engine speed is regulated by the frequency of the grid. The engine speed is ∼1800 rpm at 60 Hz.
During normal operation, the engine starts after the heater head temperature reaches 400
• C. The engine will then extract and convert the supplied heat into electricity. Power output depends on heat input. The normal operating conditions are 15 Mpa engine cycle pressure with a heater head temperature of 750
• C. If the heater head temperature exceeds 800
• C, the controller will initiate a normal engine shut down sequence.
Materials and Experiments
Preparation Processes.
Various biomass resources are used in the current study to test the performance of the proposed biomass gasifier-Stirling engine system. The size of the biomass used ranges from rice husk's 5 mm to pine chip's 25 cm. Moisture content as high as 55% by weight shows no difficulty in operating the gasifier. It is not sensible for different biomass feedstock, for example, rice husk, pine chip, and so forth, or various composition of biomass feedstock due to this intensive combustion in the embedded combustor, in addition to providing additional heat sources for the gasification processes in this modified gasifier by this embedded combustor. That is, the adopted modified updraft gasifier is flexible about the sizes, moisture levels, and ash contents of the biomass sources, no drying or fine grinding of the biomass feedstock are required. The sensitivity of this system to various fuel composition is low enough except for high water content (shown above 100% in this study) biomass feedstock, for example, paper reject. The reclaimed construction wood wastes are preprocessed in a resource recycling plant. Metals, glasses, and other noncombustible materials are removed from the wastes and the rest of the wastes are granulated and cut into 50 mm pieces. That is, the "robustness" of this system for various feedstock compositions is not sensitive. The biomass feedstock used in the current study is carefully measured. The average heating value, moisture content, and ash content are determined to 
Measurement and Monitoring System.
Representative temperatures inside the gasifier (combustion zone, reduction zone, pyrolysis zone, and synthetic gas combustion tube) and Stirling engine (flue gas inlet, flue gas exit, cooling water inlet, and cooling water exit) are measured by K-type thermocouples. Mass flow rate is measured by a pitot tube. An Eurotron Green Line 8000 mobile flue gas analyzer is used to monitor the flue gas exited from the gasifier. A multifunction power meter is adopted to conduct power output measurement. A PLC-based Lab-view monitoring system is specially designed and constructed to acquire and store the thermal and power data automatically and concurrently. The schematic of the measurement and monitoring system is shown in Figure 6 .
Operation Processes.
The direct coupling of the updraft gasifier with the STM Stirling engine results in simple operation processes. After the gasifier is loaded with biomass, the bottom layer of the biomass feedstock is ignited by a gas gun to initiate the gasification processes. In less than 15 minutes or when the synthetic gas temperatures are each about 300
• C in the embedded combustor, secondary air is introduced into the inlet of the combustor and the synthetic gas will self-ignite and combust intensively in the combustor. The biomass flows smoothly toward the grate and the combustor can maintain its stable combustion of the synthetic gas without any auxiliary fuel throughout the whole process. The heat flows into the Stirling engine and starts the power generation processes without any manhandle control in the current study.
The controller of the engine monitors the engine heater head temperature. When the heater head temperature reaches 350
• C, a clutch activates connecting the moving generator to the engine driver. Once the generator is engaged, the engine speed is regulated by the frequency of the grid. The engine speed is ∼1500 rpm at 50 Hz, and, the engine speed is ∼1800 rpm at 60 Hz. The engine will start, operate, and shutdown by itself automatically and it does not require a start or stop signal.
The only intervention step is at the startup stage to ignite the gasifier to initiate the gasification, and the combustion of the synthetic gas in the embedded combustor takes place spontaneously. There high temperature flue gas will raise the heater tube temperature to engage the engine. Once the engine is engaged, power will be produced automatically at grid frequency. The proposed system requires no auxiliary fuel throughout the operation processes subsequently.
Discussions and Results
Thermal Measurements.
The technological feasibility of the newly proposed direct coupling of an updraft gasifier with a Stirling engine system was investigated in this study. Continuous biomass feedstock has not yet been feeding in this preliminary experiment and a batch experiment with duration of two hours is conducted and presented in this article. Temperature histories at the entrance and exit of the heater head are shown in the Figure 7 . The entrance flue gas temperature is controlled at 980
• C ± 30
• C as shown in Figure 7 . The exit flue gas temperature dropped to about 790 ± 20
• C after heat in the flue gas is extracted by the heater tubes.
Temperature at the entrance is controlled at 980
• C by adjusting the flow rate of the secondary combustion air. The controlled entrance temperature at 980
• C is set by the Stirling engine instead of the gasifier. Since the gasification rate of the gasifier remains fairly constant, the intervention to adjust the secondary combustion air is minimal and only confined to the startup stage. The mass flow rate of the flue gas is measured and estimated at about 730 g/sec. Cooling water temperature is controlled to be within 30
• C. The pressure drop across the Stirling engine is measured at about 1.98 kPa.
Power Measurements.
The engine starts after the heater head temperature reaches 400
• C. The engine will then extract and convert the heat contained in the flue gas into electricity. Output depends on heat input and that is proportional to the flow rate and temperature of the flue gas. The operating conditions are 15 Mpa engine cycle pressure with a heater head temperature of 750
• C. According to the predicted energy balance for varying waste heat temperatures from the STM company, the maximum waste heat stream mass flow rate suggested shall be 1,000 g/sec. Mass flow rates above 1,000 g/sec will produce larger pressure drops across the heater head, which affect heat transfer characteristics. The best balance of power output versus mass flow is suggested in Table 1 .
In the current study, the flue gas is produced and controlled such that at the Stirling heater head entrance flue gas temperature is at 980
• C and flue gas flow rate is at 730 g/sec. This heat input rate is sufficient to produce full power 25 kW from this engine shown in Table 1 . However, the measured power output history from the current study, shown in Figure 8 , is about 24.5 kW. The 0.5 kW difference is due to the loss associated with the 480/220 VA step down transformer.
Overall
Performance. The flue gas entering the heater head of the Stirling engine contains about 95 kWth of thermal energy. Because the power output is 25 kWe, the overall power efficiency of the Stirling engine is at 26%.
The measured power efficiency in the current study is about 4% shy of the Stirling engine's optimum efficiency. The discrepancy arises from the less optimum mass flow rate in the flue gas. The current study demonstrates that the proposed system is technologically feasible since the system can produce power efficiently without any intervention to maintain steady operation almost. Moreover, no auxiliary fuel is needed for the modified updraft gasifier to efficiently convert solid biomass feedstock into high temperature flue gas environmentally, so the system's economical feasibility could be expected. Since the flue gas exited the Stirling engine is still high in temperature and contains high level of thermal energy, the incorporation of a waste heat boiler to this system will increase the overall energy utilization rate significantly. The performance improvement of the current system will be explored by choosing both the waste heat boiler and suitable automatic biomass feeder in the future study.
Conclusions
A modified updraft fixed bed gasifier with embedded combustor is successfully applied to an STM Stirling engine for power generation in the current study. Scratched construction wood is used as the biomass feedstock to test the current design. The modified fixed bed gasifier with embedded combustor is capable of converting solid biomass feedstock into high temperature flue gas with low particulate matters. The sensitivity of this system to various fuel composition is low enough except for high water content (shown above 100% in this study) biomass feedstock due to this intensive combustion in the embedded combustor of this system.
The Stirling engine extracts and converts the heat converted from the solid biomass feedstock into electricity automatically. No auxiliary fuel is required to operate the current system. Full capacity of 25 kW is generated by the current combination, and electrical energy is transmitted to the power grid at 220 V level. The current study therefore Advances in Mechanical Engineering 7 demonstrates that the direct coupling of the modified fixed bed gasifier with a Stirling engine is a viable solid biomass power generation technology. The operating conditions are 15 Mpa engine cycle pressure with a heater head temperature of 750
• C. Cooling water temperature is controlled to be within 30
• C. The pressure drop across the Stirling engine is measured at about 1.98 kPa. The flue gas is produced and controlled such that at the Stirling heater head entrance, flue gas temperature is at 980
• C and flue gas flow rate is at 730 g/sec. The maximum waste heat stream mass flow rate suggested shall be 1,000 g/sec.
